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Anesthetic and postanesthetic management
of sea turtles

P. F. Moon, DVM, and E. K. Stabenau, PhD

Objective—T0 examine the physiologic effects of in-
halation anesthesia in aguatic turtles to improve anes-
thetic technigues and postanesthetic monitoring.

Design—Retrospective case series.
Animals—9 Kemp’'s ridley sea turtles.

Procedure—I|soflurane was used as the general anes-
thetic during 14 minor surgical procedures. Turtles were
orotracheally intubated, and a surgical plane of anesthesia
was maintained with 2.7 + 0.4% (mean = SE) isoflu-
rane. The duration of anesthesia was 131 + 12 minutes.
Pulse rate, blood pressure, blood gases (Pag, and Pacg,)
and pH, blood lactic acid concentration, and capnography
were used 1o evaluate the physiologic responses of sea
turtles to isoflurane.

Results—An iscoflurane concentration of 3.4 + 0.3%
provided anesthetic induction In 7 = 1 minutes. The
mean duration of the recovery phase was 241 + 31
minutes. The duration of the recovery phase was not af-
fected by the duration of anesthesia, type of carrier gas,
method of ventilatory weaning, or use of selected phar-
macologic agents. The recovery phase was characterized
by hypoxemia, progressive acidemia, hypercapnia, and
lactic acidosis. Awakening in the turtles was preceded by
a characteristic tachycardia and tachypnea. All sea turtles
recovered from isoflurane anesthesia without apparent
adverse effects within 24 hours.

Clinical Implications—I|soflurane appears to be safe
and effective in providing surgical anesthesia in turtles
that require a timely return to an aquatic environment.
This study should assist veterinarians in predicting the
physiologic responses of aquatic turtles to inhalation
agents. (J Am Vet Med Assoc 1986:208:720-726)

lnjectable agents administered by IV, IM, or IP routes
are widely used for general anesthesia of reptiles.!
Typically, TV injection in many reptile species is lim-
ited by lack of an appropriate, easily accessible venous
site. Sea turtles, however, possess a dorsal cervical si-
nus that is readily available for blood sampling? and
injection of anesthetic agents.* Nevertheless, potential
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variation in drug sensitivity may exist between species.
For example, there was unacceptable morbidity and
mortality when we attempted to anesthetize Kemp’s
ridley sea turtles (Lepidochelys kempi) by administering
pentobarbital sodium into the dorsal cervical sinus, as
has been described for green sea turtles (Chelonia my-
das}).’

Butler et al* reported that green sea turtles anes-
thetized with 2 to 3% halothane recovered from an-
esthesia within 5 to 60 minutes, whereas recovery time
in the same species given 10 to 25 mg of pentobarbital
sodium/kg of body weight, IV, was 4 to 24 hours.?
More recently, Shaw et al® reported that green and log-
gerhead (Caretta caretta) sea turtles anesthetized with
isoflurane recovered within 2 to 6 hours. These data
suggest that use of inhalant anesthetic agents may re-
duce the duration of the recovery phase and, therefore,
might be more appropriate for reptile species that re-
quire timely postoperative return to an aquatic envi-
ronment.

The purpose of the study reported here was to
examine the physiologic efttects of 14 anesthetic pro-
cedures using isoflurane in 9 Kemp’s ridley sea turtles
to determine whether improvements in anesthetic
techniques and postanesthetic monitoring could be
made in aquatic turtles.

Materials and Methods

The turtles used were part of a group of captive-reared
Kemp’s ridley sea turtles housed and maintained at the Na-
tional Marine Fisheries Service, Galveston, Tex, as previously
described.®* The 9 turtles used were unreleasable into their
natural habitat as a result of congenital deformities (eg, re-
duced Hipper length). Food was withheld from the turtles
approximately 12 hours prior to surgery, and the turtles were
transported to the research facility on the day of surgery.
Preoperative weight, pulse and respiratory rates, and cloacal
temperature were measured and recorded. Prior to surgery,
the head, neck, and carapace were scrubbed lightly to remove
adhering materials, such as algae and barnacles.

Turtles were orotracheally intubated.” Briefly, 2 poly-
vinylchloride rods were used as mouth gags to permit inspec-
tion and manual opening of the glottis with the tip of the
endotracheal tube. Intubations often were difficult, because
the laryngeal sphincter muscles remained tightly closed. One
turtle was given succinylcholine chloride (0.5 mg/kg, IM) 10
facilitate intubation. The succinylcholine had no observable
effect at this dosage and was not used on any other turtle.
Anesthesia was induced by administering 2 to 5% isoflurane
in 2 L of carrier gas/min through a semiclosed rebreathing
anesthesia circuit connected to the endotracheal tube. The car-
rier gas was 100% O,, 3% CO,95% O,, or 21 to 40% O,
(balance N,). The N,-O, mixtures were produced by use of an
air-O, blender.” Composition of all inspired and expired gases
was monitored by use of raman gas spectrography (equip-
ment was manually calibrated prior to each study with
known concentrations of isoflurane, CO,, and N,). Turtles
were mechanically ventilated by hand until their general
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movement ceased and their palpebral reflex slowed. At this
time, 1 polyvinylchloride rod was removed, and the endo-
tracheal tube was inserted through a hole in the second rod.
This protected the endotracheal tube and prevented airway
occlusion. Surgical anesthesia was maintained, using a va-
porizer setting of 0.5 to 4.3% isoflurane in 1 L of carrier gas/
min.

Ventilation was supported throughout surgery by con-
tinued hand ventilation or, if the estimated tidal volume was
2 100 ml, by a volume-limited, time-cycled mechanical ven-
tilator? at a rate of 2 to 8 breaths/min. Inspiratory flow was
adjusted to 1.5 to 1.7 seconds inspiratory time. The inspi-
ratory time was determined from comparable data for the
green sea turtle,* as well as from estimations of inspiratory
time in awake, spontaneously breathing Kemp’s ridley sea
turtles. Standard mammalian formulas were not accurate for
estimating tidal volume in these reptiles, because the rela-
tionship between lung volume and body weight is not the
same in the 2 phyla.® Inidally, tidal volumes of 23 to 31 mV/
kg were used, on the basis of reports for the loggerhead sea
turtle.® Tidal volumes were determined later to be adequate
when the front flippers moved outward slightly during in-
spiration. The delivered tidal volumes were measured from
the bellows setting on the ventilator, and the resultant peak
inspiratory pressure was recorded from the pressure gauge
located on the inspiratory limb of the anesthetic circuit. Tidal
volumes and inspiratory pressures in this study were esti-
mations of the actual values, because neither piece of equip-
ment was calibrated.

Turtles were placed in dorsal recumbency and given lac-
tated Ringer's solution {5 ml/kg, IP). Turtles also received
chloramphenicol sodium succinate (70 mg/kg, IM) or enro-
floxacin (2.5 mg/kg, IM) prior to surgery. The surgical site
was aseptically prepared for occlusive cannulation of the
right carotid artery with polyethylene tubing. A second sur-
gery was performed 7 to 10 days later to remove the catheter
from 5 of the 9 turtles.

Pulse rate was monitored throughout the study, using
an ultrasonic Doppler flow probec placed over the femoral
triangle, thoracic inlet, caudodorsal aspect of the front flip-
per, or dorsal cervical sinus. Heart rate was unreliably mon-
itored via electrocardiography (lead-I1), by attaching the
leads to the Hlippers or the axillary and femoral regions with
clips, needles, or pregelied, self-adhering electrode pads. An
esophageal stethoscope was used to try to monitor heart rate
in 3 turtles; however, keratinous esophageal protrusions pre-
vented placement of the stethoscope past the pharyngeal re-
gion. A pulse oximeter probe’ attached to various flipper sites
was ineffective in obtaining a quality signal, possibly because
of poor pulsatile blood flow in the flipper regions. Cloacal
temperatures, which were measured with a thermistor g were
maintained at 27 to 29 C during surgery and at 24 to 30 C
during recovery by use of a circulating warm-water pad un-
der the turtle and an overhead heat lamp.

Arterial blood pressure tracings were obtained during
and after surgery by connecting the carotid catheter directly
to high-pressure extension tubing and a pressure transducer.
The pressure transducer was zeroed at the level of the tho-
racic inlet and was calibrated prior to each study with a mer-
cury manometer. Systolic (SBp) and diastolic (DBp) blood
pressures and pulse rate were continuously recorded on a
multichannel chart recorder.®

Blood samples were collected during and after surgery
from the carotid artery catheter of 3 turtles with heparinized
glass syringes to measure arterial blood gases (Pag, and
Pacp,), pH, and lactic acid concentration. The total blood
sampling volume was < 1% of body weight. Samples were
immediately placed on ice and were measured within 1 hour
of collection, using individual pH and gas electrodes' ther-
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Table T—Summary of physiologic data and anesthetic
management for 9 Kemp's ridley sea turtles undergoing
14 surgical procedures

Period Variable Mean + SE Range N
Preoperative  Pulse rate, beats/min 4 x3 14-50 13
Respiratory rate, breaths/min 2+ 0-3 5

Cloacal temperature, C 25 + 3 2-21 2

Intraoperative  [nduction, % concentration of isoflurane 3403 15-50 %1
Maintenance, % concentration of isoflurane 2.7 + 04  05-43 14

End-tidal, % concentration of isoflurane 20+x03 11-37 6

End-tidal COs, mm of Hg 14+ 1 12-18 6

Tidal volume, mi/kg 101 7-14 7

Inspiratory pressure, cm of HsO 16 +1 10-20 13

Pulse rate, beats/min 15 + 1 4-32 13

Systolic pressure, mm of Hg 31+ 6 17-44 4

Diastolic pressure, mm of Hg 204 13-26 4

Respiratory rate, breaths/min 37T+04 2-8 14

Recovery Pulse rate, beats/min 15+ 1 4-39 14
Systolic pressure, mm of Hg 0+ 4 J0-50 6

Diastolic pressure, mm of Hg 26+ 3 14-313 6

Awake Pulse rate, beats/min 50 + 2 38-60 13
Systolic pressure, mm of Hg 46 + 4 34-59 5

Diastolic pressure, mm of Hg 9+2 33-44 5

Respiratary rate, breaths/min g+ 1 4-12 13

Scientiftc Reports

mostated to cloacal temperature. Blood concentration of
HCO, was calculated from a rearrangement of the Hender-
son-Hasselbalch equation, using values for «CO, and pKa
derived for the plasma of Kemp's ridley sea turtles.!® Lactic
acid concentration was determined enzymatically! Results of
preliminary experiments indicated that storage of blood sam-
ples for 1 hour did not result in changes in pH, Po,, Pco,,
and lactic acid concentration.

After termination of anesthesia, the breathing circuit
was Hlushed with 100% O, to decrease the inspired isoflurane
concentration to < 0.1%. Then, we attempted to reduce the
duration of the recovery phase via several experimental ma-
nipulations. First, the composition of inspired gases was al-
tered during anesthesia and recovery. Four turtles inspiring
100% O, during anesthesia continued to inspire 100% O,
during recovery. In 3 other turtles, the inspired gas was
changed from 100% O, during anesthesia to 21% O, (balance
N,) during recovery. Six turtles receiving 40% O, (balance
N,) during anesthesia inspired 21% O, (balance N,) during
recovery. One turtle inspiring 5% C0O,/95% O, during anes-
thesia was provided with 100% O, during recovery. Second,
although all turtles required supportive mechanical ventila-
tion during the recovery period, the method of weaning tur-
tles from mechanical ventilation was varied. Single breaths
were provided at intervals of 1 minute (n = 1), 5 minutes
(2), 10 minutes (3), and 15 minutes (1), or 2 breaths were
provided at 10-minute intervals (1). In 6 other turtles, the
ventilation rate was gradually reduced by providing 2 suc-
cessive breaths/min for 15 minutes, followed by 2 breaths
once every 4 minutes {or 16 minutes and then 2 breaths once
every 30 minutes until the turtle was extubated or awake.

Finally, chemical agents were used in 6 turtles to eval-
uate their effect on time to recovery. These drugs were cho-
sen on the basis of their theoretical ability to increase
pulmonary blood flow and, therefore, increase delivery of the
anesthetic to the lungs for removal. Five turtles were given
atropine sulfate by various routes of administration: 0.04 mg/
kg, IM; 0.04 mg/kg, IP; or incremental doses of 0.01 to 0.02
mg/kg administered slowly intra-arterially. All agents admin-
istered IP were diluted in 10 ml of saline (0.09% NaCl) so-
lution prior to administration. One turtle was given
dobutamine hydrochloride* at an initial infusion rate of 2
lg/kg/min, intra-arterially, which was gradually increased to
10 pg/kg/min. After 23 minutes, atropine (0.04 mg/kg, IP)
was administered simultaneously with the highest dobuta-
mine concentration. Dobutamine was discontinued after an

Original Study 721



A 3 B. 60
60 ANESTHESIA RECOVERY |AWAI{E| q1| ANESTHESIA RECOVERY
DOBUTAMINE INFUSION
' g
E 45 : -E 45 -
E 1 PREANESTHETIC I E } A
@ | g »
f ™o -
lI.,,.nl"
£ 30 \ | & 3p - ‘f L
a \\ ] © PREANESTHETIC l
B \ ; B s |
2 1 \"’.‘? ! @ 1 ¢
= l ﬂ | o “\
& 15 - L }l @ 1594 N l
WA 'Y f‘
Vi S d - -~ .
Y ~¢ 1
0 ATROPINE INJECTION
l 1 k 1 'D T T T } T I T ]
D 2 4 B 8 O 2 4 g 8
Hours Hours
C. 80 - D 60 -
ANESTHESIA RECOVERY AWAKE | ANESTHESIA REGOYERY
| | A
- e o AN
T 45 - / ~ 45 - RN
© / Y (w v \
f a * / '\ \A
: ,-—-“"J# T QD ; \'. H“l
[ A } = ! ""‘*-..
0 &~ 2 i  { l R
o ! g {
Q - f* - - 1\ r Y
-§ 15 - 8 1s \ / !
— 7 ¥ PR, T " ATROPINE INJECTION
i 4 Y E -; v
0 - DOBUTAMINE INFUSION
o B LA— ] LI I 0 T | T ; L ) ¥ "
O 2 4 & 8 0 e 4 6 8
Hours Hours

Figure 1—Pulse rate (@) and systolic (A) and diastolic (¥) systemic blood pressures in the Kemp's ridley sea turtle.
Panels A and C are representative traces from a turtle that did not receive pharmacologic agents, whereas panels B
and D are representative traces from another turtle that received dobutamine infusion and atropine injection. Pulse
rate and blood pressure were measured during the preanesthetic, anesthetic, recovery, and awake periods.

additional 49 minutes of infusion. Naloxone hydrochloride
(0.005 ml/kg, 1P} was given to 1 turtle as a potential endor-
phin antagonmist to promote CNS stimulation.

Turtles were extubated when they would no longer tol-
erate the endotracheal tube or when they were awake. Tur-
tles were defined as awake by evidence of concomitant
Increases in pulse rate and blood pressure and initiation of
spontaneous hyperventilation. All turtles were returned to
the aquatic housing facility when awake. Throughout the
study, the duration of induction (time from induction until
dorsal recumbency), surgery, anesthesia, and recovery (time
tfrom termination of anesthetic gas until awake) were re-
corded. All data were calculated as mean + SE.

Results

Fourteen anesthetic procedures were conducted
on 9 Kemp’s ridley sea turtles. All 9 turtles were an-
esthetized for occlusive carotid artery cannulation, and
> turtles were reanesthetized 7 to 10 days later for
catheter removal. The turtles were 3.7 % 0.3 years old
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and weighed 17 * 2 kg. The preoperative pulse rate,
respiratory rate, and cloacal temperature averaged 34
+ 3 beats/min, 2 * 1 breaths/min, and 25 + 3 C,
respectively (Table 1).

An isoflurane concentration of 3.4 * 0.3% pro-
vided anesthetic induction in 7 = 1 minutes (Table
1). The duration of anesthesia and surgery was 131 =
12 minutes (range, 75 to 230 minutes) and 102 * 8
minutes (range, 54 to 158 minutes), respectively. Iso-
flurane anesthesia induced substantial bradycardia in
the sea turtles during the intraoperative period (time
from induction to termination of isoflurane). A 56%
decrement in pulse rate was measured from the pre-
operative period to the intraoperative period (Table 1).
This bradycardia developed over several minutes and
then remained stable throughout the intraoperative pe-
riod.

The mean duration of the recovery period was 241
*+ 31 minutes (range, 92 to 452 minutes). This phase
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Figure 2—The effects of anesthesia on bloed pH, Pco,, and HCO,~ and lactic acid concentrations in Kemp's ridley
sea turtles. Panel A—bicarbonate-pH diagram depicting the acid-base changes in the blood of Kemp’'s ndley sea
turtles from the intraoperative {point 1), early and late recovery {points 2 and 3, respectively), and awake period {point
4). Point 5 represents the acid-base status approximately 18 hours after awakening {(mean = SE; n = 3). The dashed
lines are Pco, isopleths, and the solid line passing through the control value {point 5) is the blood buffer curve. Panel
B—concentration of lactic acid in arterial blood measured during the same time periods described in panel A (mean

+ SE: n = 3).

exceeded 1.5 hours in all turtles, despite varying the
concentration of inspired gases or the method of wean-
ing from mechanical ventilation. Mean pulse rate dur-
ing the recovery period was identical to that measured
during the intraoperative period, although SBp and
DBp increased 26% (Tabie 1).

Although this study was not specihcally designed
with a control group and an experimental group, the
mean duration of the recovery phase was 240 = 42
minutes (range, 92 to 462 minutes, n = 8) for turtles
that did not receive drugs and 244 *+ 52 minutes
(range, 110 to 405 minutes; 6) for turtles that did re-
ceive pharmacologic agents (Fig 1). In all turtles that
did not receive drugs, a decrement in pulse rate was
observed throughout the anesthetic and recovery per-
iods, whereas a substantial increase in pulse rate was
measured in the awake turtles (Fig 1A and 1C). Unlike
the response exhibited by most mammals, pulse rate
and blood pressure did not change in a turtle receiving
dobutamine (Fig 1B and 1D). However, substantial in-
creases in pulse rate and blood pressure were measured
within 17 minutes of an IP injection of atropine (Fig
1B and 1D). Comparable elevations in pulse rate and
blood pressure were measured in all turtles that were
given atropine.

Five arterial blood samples were collected from 3
turtles in this study. The first sample was obtained
during surgery as soon as the carotid cannulation pro-
cedure was completed. The mean time from anesthetic
induction to collection of the first blood sample was
2.7 hours. Despite ventilating these turtles with 40%
O,, the intraoperative Pag, was 35 * 2 mm of Hg
(range, 31 to 39 mm of Hg), and Pacg, was 26 + 3
mm of Hg (Fig 2). This period of hypoxia and nor-
mocapnia was associated with a profound metabolic
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acidosis as indicated on the in vitro buffer curve by a
decrease in arterial pH along the 30 mm of Hg Pco,
isopleth (Fig 2A) and the measurement of high lactic
acid concentration (Fig 2B). The second blood gas
sample was collected approximately 1.7 hours into the
recovery period. The metabolic acidosis had not
changed appreciably (Fig 2B), although the Pacg, in-
creased 38% and pH decreased 0.08 U (Fig 2A). Dur-
ing the early phase of the recovery period, there was
a slight increase in Pag, in 2 of the 3 turtles (46 = 9
mm of Hg; range, 29 to 60 mm of Hg). The third blood
gas sample was collected approximately 5.3 hours into
the recovery phase. At this time, there was a further
increase in lactic acid concentration and Pacp,, induc-
ing an additional 0.37 U decrement in arterial pH (Fig
2A and 2B). A 36% decrement in Pag, to 29 £ 6 mm
of Hg (range, 23 to 36 mm of Hg) also was detected
at this time,

The awake state was stereotypic for all turtles.
There was a concomitant abrupt onset of spontaneous
hyperventilation and tachycardia. Pulse rate increased
to values 47, 230, and 230% higher than observed dur-
ing the preoperative, intraoperative, or recovery pe-
riods, respectively (Table 1). In addition, SBp and DBp
increased 13 and 60%, respectively, from the recovery
period to the awake period (Table 1). The fourth blood
gas sample from the 3 turtles was obtained within 3
to 10 minutes of awakening. The Pacg, of the awake
turtles decreased to 25 = 4 mm of Hg (Fig 2A), al-
though the lactic acid concentration increased to val-
ues greater than those measured during the recovery
phase (Fig 2B). The pH increased from 7.04 = 0.04
during late recovery to 7.22 = 0.07 in awake turtles.
In addition, Pag, increased nearly fourfold, from 29 +
6 mm of Hg during late recovery to 109 = 5 mm of
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Hg (range, 99 to 117 mm of Hg) in awake turtles. The
day after anesthesia, the fifth blood gas sample was
collected trom these turtles. The pH, Pacp,, and lactic
acid concentration (Fig 2A and 2B} had returned to
the reference ranges,!* and the Pap, was 86 = 6 mm
of Hg (range, 74 to 100 mm of Hg).

The usefulness of capnometry in predicting the
Pacp, was assessed in 3 turtles during the intraoperative
phase and early and late recovery phases by comparing
simultaneous measurements of Pacq, and end-tidal CO,
(Etco,). During the intraoperative phase (ie, 2.7 hours
after anesthetic induction), Paco, was 26 = 3 mm of
Hg, and Etco, was 14 * 4 mm of Hg; however, Paco,
(36 + 1 mm of Hg) was approximately equal to Etco,
(37 = 3 mm of Hg) during the early phase of the re-
covery period (ie, 4.4 hours after anesthetic induction).
By the late phase of the recovery period (ie, 8.4 hours
after anesthetic induction), Paco, and Etco, were 56 *
3 mm of Hg and 44 = 2 mm of Hg, respectively.

Discussion

Anesthetic induction of Kemp’s ridley sea turtles
with isoflurane was rapid, requiring 7 = 1 minutes.
The recovery time ranged {rom 1.5 to 7.5 hours, de-
spite altering the inspired gas concentration, altering
the method of weaning from mechanical ventilation,
or the use of selected pharmacologic agents. For com-
parison, green sea turtles anesthetized with 4% iso-
flurane required 20 to 50 minutes for mask induction
and 2 to 6 hours for recovery from the anesthesia.’
These data suggest that our technique of awake intu-
bation and forced manual ventilation of the anesthetic
greatly reduced the induction time. Other studies have
reported that inhalant anesthetic agents induce pro-
longed recoveries in reptiles. For example, Custer and
Bush'? reported that gopher snakes required up to 18
hours to recover from halothane anesthesia. In con-
trast, Shetland ponies recovered to a sustained stand-
ing position < 45 minutes after termination of a
2-hour anesthetic period with isoflurane and halo-
thane.!® The reasons for the difference in the recovery
times between reptiles and mammals is unclear, but
there are several plausible explanations.

The prolonged recoveries in the Kemp’s ridley sea
turtles were most likely caused by intracardiac shunt-
ing, intrapulmonary shunting, or ventilation-perfusion
(VQ mismatch. Although reptiles possess a single
ventricle, blood returning to the ventricle from the left
and right atria can be directionally ejected into the
aorta and the pulmonary vessels with surprisingly little
mixing.'* In addition, many reptile species are capable
of altering the amount of blood entering the lungs by
altering pulmonary vascular resistance, whereby blood
shunts from right to left when pulmonary resistance is
increased and blood shunts from left to right when pul-
monary resistance is decreased. This mechanism is ad-
vantageous in diving turtles, because the animal can
increase pulmonary blood flow during air breathing ep-
isodes. Thus, factors that increase right-to-lett shunting
would prolong induction and recovery phases in Kemp’s
ridley sea turtles. The arterial isoflurane concentration
may be diluted as a result of blood bypassing the pul-
monary system during anesthetic uptake and, there-
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fore, prolong the induction time. Individual variations
in the degree of intracardiac shunting during anesthe-
sia also may account for the wide range of isoflurane
concentrations required to maintain a surgical plane of
anesthesia. During recovery, increased right-to-left
shunting would decrease the amount of anesthetic pre-
sented to the lungs for removal and would prolong the
duration of recovery.

The explanation that VQ mismatch or intracardiac
shunting accounts for the prolonged recoveries in the
turtles of this study was supported by experimental
evidence. The mean intraoperative Pag, was 35 mm of
Hg during inspiration of 40% O,, but the theoretical
Pag, should have been approximately 200 mm of Hg.
This large alveolar-arterial O, gradient was measured
during normocapnia and was indicative of VQ mis-
match or shunt, rather than hypoventilation. In addi-
tion, the effects of positive pressure ventilation may
have augmented normal reptilian shunt mechanisms by
decreasing venous return and cardiac output through
compression of systemic and pulmonary vessels. The
cardiovascular effects of 15 ¢m of H,O positive pres-
sure ventilation might be greater in reptiles than in
mammals because of the low systemic blood pressures
and intrinsic intracardiac shunt mechanisms in rep-
tiles. The turtles in this study were also in dorsal re-
cumbency during the intraoperative phase. Compres-
sion of the lungs and systemic vessels by the viscera
may have enhanced VQ mismatch or intracardiac
shunting. Finally, the depressant effects ol general an-
esthesia may have contributed to the VQ mismatch or
intracardiac shunting by decreasing myocardial con-
tractility and impairing compensatory reflexes. Al-
though the F10, was decreased to 0.21 during recovery,
there was an initial slight increase in Pag, in 2 of the
3 turtles sampled for blood gas and pH analyses.
Therefore, the depressant effects of the anesthetic may
have been decreasing and, perhaps, changing the tur-
tles position from dorsal-to-ventral recumbency per-
mitted reexpansion ol the pulmonary vasculature. Sup-
portive evidence that there was less V(3 mismatch or
intracardiac shunting early in the recovery phase was
the comparability of end-tidal and arterial Pco,. The
onset ol spontaneous ventilation appeared to improve
pulmonary blood flow and minimize right-to-left intra-
cardiac shunting, as the measured Pag, was comparable
with the theoretical Pag, during this time. We conclude
that the cardiopulmonary eflects of the surgical posi-
tioning, anesthesia, and mechanical ventilation were
primarily responsible for the prolonged recovery times
in the turtles of this study.

We theorized that VQ mismatch or intracardiac
shunting were the most likely causes of the prolonged
recoveries in the sea turtles. Lillywhite and Donald®
reported that pulmonary blood flow in the aquatic file
snake (Acrochordus granulatus) was controlled by an
interaction of adrenergic vasodilation and cholinergic
constriction. Atropine abolished the pulmonary vaso-
constriction and substantially increased pulmonary
blood flow in their study. We hypothesized that in-
creasing pulmonary blood flow by decreasing pulmo-
nary resistance in the sea turtles would permit more
anesthetic to be eliminated and, therefore, shorten the
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recovery time. Under this assumption, atropine with
and without dobutamine was administered to some of
these turtles. It is unknown whether atropine or do-
butamine administration altered pulmonary blood flow
in these turtles, although administration of atropine
was consistently associated with increased pulse rate
and blood pressure. Neither agent had an apparent ef-
fect on the duration of recovery, as evident by the
comparable duration of recovery for all turtles in the
study. It should bhe mentioned that the small number
of available turtles prevented conducting a controlled
study on the physiologic effects of these drugs on re-
covery time. Nevertheless, the absence of an observable
eftect on the recovery times suggested that these agents
at the doses administered did not decrease the duration
of recovery in Kemp’s ridley sea turtles.

In addition to these mechanisms, there are 2 other
additional factors that may have contributed to the
prolonged recovery times. First, the blood/gas and tis-
sue/gas partition coetficients (solubility) of isoflurane
may be higher in reptiles than in mammals because of
reptiles’ lower body temperature!® and because of dif-
lerences in lipid and protein composition of reptile
blood and tissues.!”® Second, although inhalation an-
esthetics are primarily eliminated by ventilation in
mammals, there are no data to confirm that isoflurane
is exclusively eliminated by ventilation in reptiles;
therefore, increases in anesthetic solubility and metab-
olism may influence the recovery phase.

The onset of spontaneous ventilation was associ-
ated with general awakening in Kemp’s ridley sea tur-
tles. The normal breathing pattern in turtles consists
of a series of breaths followed by an end-inspiratory
pause of variable duration.! Turtles possess various re-
ceptors that may be responsible for terminating this
nonventilatory period, including pulmonary stretch re-
ceptors® and central** and peripheral chemoreceptors.?2
The most important stimulus that triggers breathing in
undisturbed snapping turtles (Chelydra serpentina) is an
increase in Pacq, or the concomitant decrease in arterial
pH.? We used an inspired gas concentration of 5%
CO,/95% O, during the intraoperative period in 1
turtle to determine whether the increased blood CO,
would reduce the duration of recovery. Blood gas re-
sults indicated that this turtle developed a severe res-
piratory acidosis (eg, Paco, > 90 mm of Hg); therefore,
this inspired gas concentration was not used with ad-
ditional turtles. It is noteworthy that the 92-minute
recovery phase for this turtle was the lowest in the
study, despite being anesthetized for the longest du-
ration (230 minutes).

Severe hypoxia, hypercapnia, and acidemia were
measured during the late recovery phase from 3 tur-
tles. In addition, a metabolic acidosis developed intra-
operatively, progressed during recovery, and reached a
maximum value upon awakening. This metabolic aci-
dosis, indicative of anaerobic metabolism, was presum-
ably caused by a combination of poor arterial oxygen
saturation and poor oxygen delivery to the tissues.
Thus, the respiratory and metabolic acidosis combined
to induce a clinically profound acidemia. The hypoxia
and hypercapnia resolved within 10 minutes of awak-
ening as a result of a fourfold increase in ventilation
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from the normal preanesthetized respiratory rate and,
presumably, from an improvement in VQ matching. A
comparable hyperventilation was observed in Chryse-
mys scripta after 2 to 4 hours of diving, despite main-
taining normal blood gases and pH.** A separate study
demonstrated that the hyperventilation in turtles re-
covering from anoxia may be caused by a metabolic
acidosis decreasing the pH of the cerebral extracellular
fluid, thereby stimulating central chemoreceptors.?* In
the study reported here, the concentration of lactic
acid was 12 = 5 mmol/L at the end of the recovery
period. The increase in the concentration in awake tur-
tles suggested that restoration of perfusion induced
lactic acid washout from previously underperfused ar-
eas. It is possible that a combination of stimulation of
central and peripheral chemoreceptors, as well as de-
creasing isoflurane concentrations, were responsible
for the abrupt termination of apnea during the recov-
ery period.

The recovery from anesthesia was stereotypic for
all turtles in this study and, perhaps, was comparable
to their normal dive reflex. Peripheral blood circula-
tion decreases in diving animals because of increased
systemic vascular resistance that causes a reflex brady-
cardia. Upon surfacing from a dive, increases in heart
rate are associated with a redistribution of a substantial
portion of the blood volume through the pulmonary
vasculature, which permits rapid blood oxygenation
and carbon dioxide removal. All turtles in the study
reported here became bradycardiac and apneic within
minutes of isoflurane anesthesia. Pulse rates of 1 to 2
beats/min were recorded from several turtles. Although
the specific mechanism is unclear, this bradycardia was
vagally mediated based on the responsiveness to atro-
pine and, therefore, was similar to the dive reflex brad-
ycardia. Shaw et al® used a mask induction technique
during isoflurane anesthesia and did not report a brad-
ycardia in the green sea turtle. Therefore, it is plausible
that the bradycardia and apnea identified in the turtles
of this study may have been a reflex response to place-
ment of the endotracheal tube in an awake turtle and

not because of the anesthetic.

In the study reported here, the most rapid and
reliable technique for pulse rate measurement was ob-
tained by placing the Doppler crystal over the femoral
triangle. Placing the crystal over alternative sites pro-
duced variable and inconsistent results. Similarly, con-
sistent heart rate measurements could not be obtained
with an esophageal stethoscope, lead-1I electrocardiog-
raphy, or pulse oximetry. The Doppler crystal, there-
fore, was an essential monitoring tool during anesthesia
of the Kemp’s ridley sea turtles. In contrast, estimating
the adequacy of ventilation with capnography had spu-
rious results. Simultaneous measurement of Pacg, and
Etco, indicated that there was a larger end-tidal to ar-
terial CO, gradient than originally assumed and that
this gradient would change unpredictably during an
experiment with a single animal. These data suggest
that capnography should not be used for determining
the adequacy ot ventilation in sea turtles.

Statistically valid group comparisons were not
possible in this study, because we attempted various
manipulations with a small number of available turtles
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to reduce the length of the recovery phase. However,
the mechanisms responsible for the severe acid-base
disturbances and the prolonged recovery duration (eg,
cardiopulmonary shunts) require further investigation.

*Aerrane, Anaquest, Madison, Wis.

"Model AO-1, Puritan-Bennett, Los Angeles, Calif.

‘Rascal 1, Ohmeda, Madison, Wis.

‘Ohio anesthesia ventilator, Ohio Medical Supplies, Madison,
Wis,

‘Parks Medical Electronics Inc, Cherry Hill, NJ.

‘Model 503, Criticare Systems Inc, Waukesha, Wis.

3YSI Co Inc, Yellow Springs, Ohio.

"Model 35-V8404-10, Gould Electronics Recording Systems Di-
vision, Cleveland, Ohio.

'pH Electrode Type G297/G2, Po, Electrode Type E5046, and
Pco, Elecirode type E5036, Radiometer, Copenhagen, Denmark.

IKit 826-UV, Sigma Chemical Co, St Louis, Mo.

*Dobutrex, Eli Lilly Co, Carolina, Puerto Rico.

‘Astra Pharmaceutical Products Inc, Westhorough, Mass.
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